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SYMBOLS

b inlet contraction local width, m (in)

c vane chord length, m (in)

c/ skin friction coefficient

d vane width, m (in)

eA hot-wire linearizer output for channel A, v

es hot-wire linearizer output for channel B, v

hot-wire probe diameter to sensing length
correction factor, = 1.085

K_ axial velocity proportionality constant,
nds/vfit/s/v)

K. lateralvelocityproportionalityconstant,
m/s/volts(ft/s/v)

K., axialturbulenceproportionalityconstant,
m/s/volts(R/s/v)

K¢ lateralturbulenceproportionalityconstant.
m/s/volts(ft/s/v)

Io nominal centerlinespacingbetween vanes,

m (in)

P pressure,N/m 2 (Ibf/in2)

APt totalpressuredifference,upstream ofvanes
minus local,N/m 2 (Ibf/in2)

q dynamic pressure,N/m 2 (Ibf]ft2)

Rec Reynolds number based on chordspacing,

_c/_

dimensionless streamwise distance, s/d

t time,s

dimensionless time scale, tUo/d =
z/d "Uo xr

fo
u,v, instantaneousfluctuatingvelocitycompo-
w nents in the z, y and z directions

respectively, m/s (ft/s)

u', v', absolute temporal mean turbulence
w' intensities,

in the z, y and z directions respectively,
m/sfit/s)

u',v',relativemean turbulenceintensities,
w-'7 averaged across two vane spaces,

1L:Uu,dy l f:2 loU 2 _ Uv'dy

1 L:Uw, dy
2_U 2

in the z, y and z directions respectively

U, V, time averaged velocity components in
W the z, y and z directions respectively,

m/s (ills)

U, V ,velocity components averaged across
W two vane spaces,

1 L: 1 f +'° 1_._ f+_Wd _Ud_ 2-_d-_ V@ 21oJ__

in the _, y and z directions respectively,
m/s fit/s)

z,y,z axial,lateraland verticalcoordinates,

positiveaft,rightand up, m (in)

3,_ dimensionlessaxialand lateraldistance,

z/d and y/d

Greek Symbols:

boundary height, mm

6" boundary layer displacement thickness, mm

(U_ - u) dy_

_** boundary layer momentum thickness, mm

-_12L_u(Ul-u)dY_

mass averaged pressure loss coefficient,

-- U--_-o dY21oU

pressure loss coefficient, A Pt / qo

u kinematic viscosity, m 2 / s (ft 2 / s)

T volt meter time constant, s

¢ vane splay angle

Subscripts:

0 contraction inlet station, or vane trailing

edge

1 end of constant area passage between

vanes,
(throat of diffuser section)

a ambient

t total
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SUMMARY

A series of wind tunnel investigations were
conducted at NASA Ames Research Center to de-
termine the flow characteristics downstream of a

set of wind tunnel inlet flow conditioning vanes.
The purpose of these tests was to develop an un-
derstanding of the flow mechanisms that con-
tributed to the pressure loss and turbulence gen-
erated by the vane set. The near-field charac-
teristics and flow field development were inves-
tigated with a 1/3 scale two-dimensional model
of the vane set at near full-scale Reynolds num-
bers. In a second series of tests, the global flow
field characteristics were investigated by means
of a 1/15 scale model of the full vane set and the

5:1 contraction leading to the model's test section.
Scale effects due to Reynolds number mismatch
were identified, their significance noted and ac-
counted for when possible. Scaling parameters
were adopted that allowed predictions of the ex-
pected turbulence and pressure distributions in
the full-scale wind tunnel test section, based on
the small-scale test results. The predictions were
found to be in good agreement with actual mea-
surements made in the full-scale facility.

INTRODUCTION

In July 1980, work was started on the modifi-
cation of the 40- by 80-Foot Wind Tunnel at the
NASA Ames Research Center to increase its re-

search capabilities. The new facility, which in-
cludes two wind tunnels, is now known as the Na-
tional Full-scale Aerodynamics Research Com-

plex (NFAC) (fig. 1). The modifications included
extending the speed range of the 40- by 80-foot
test section to 155 m/sec (300 knots) and adding a
second test section 24.4'm (80'ft) high and 36.6 m
(120 ft) wide. The new test section can achieve a

maximum speed of a 52 m/see (100 knots), accom-
modating larger models with reduced test section
wall interference. For a more detailed descrip-
tion of the NFAC see references 1-4.

In 1982, changes in the two wind tunnels were
begun to improve the level of flow quality in the
new test section so that the variation of spatial
and temporal dynamic pressure distributions do
not exceed a limit of±0.5% about the mean value.

Additionally, the orthogonal components of rel-
ative turbulence intensity were to be less than
0.5%. These goals were deemed necessary for the
intended use of the facility to conduct powered-
lift, rotor, and basic fluid/aerodynamic research.

This paper is declared a work of the U.S. Gov-
ernment and therefore is in the public domain.

Figure 1. National Full-Scale Aerodynamic
Complex, NASA Ames Research Center.

To achieve these objecti_,es, several research
programs were initiated to investigate the char-
acter of 80- by 120-Foot Wind Tunnel inlet flow
and to determine a means to improve the test
section flow quality. The programs were both ex-
perimental and analytic in nature. The analytic
studies made use of data obtained from exper-
imental models to fine-tune their analyses. In
many cases the designs of the experimental mod-
els were based largely on the results of pre_ous
analytic work. This paper deals primarily with
the results of two of the experimental investiga-
tions that contributed to the overall program.

In 1985, a 113 scale two-dimensional model of

the new inlet vane set proposed for the 80- by 120-
Foot Wind Tunnel was tested in the NASA Ames

7- by 10-Foot Wind Tunnel (fig. 2). (Throughout
the paper this investigation will be referred to as
the 1/3 scale 2-D test.) The objective of this inves-
tigation was to model a segment of the vane set
at close bo full-scale Reynolds Numbers _o obtain
accurate measurements of the turbulence gener-
ated by, and the pressure loss through, the vane
set. These measurements would then establish
the initial near-field flow conditions downstream

of the vanes. Comparison of these data with simi-
lE small-scale measurements allows the identifi-

cation of scale or modeling differences that might
affect the predictions of the behavior of the flow
passing through the inlet's contraction to the test
section based on small-scale measurements.

The geometry of the proposed vane set and the
specifications for the turbulence damping screen
attached to its trailing edge were established in
a previous study that looked at several modifica-
tions to a baseline vane's boat-tail and trailing
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Figure 2. 113 scale Inlet Vanes installed in the
test section of the NASA Ames 7- by 10-Foot
Wind Tunnel.

edge (refs. 5 and 6). The findings of those in-
vestigations indicated that, of the configurations
tested, the turbulence generated by the vane set
could be greatly reduced by doubling the length
of the baseline boat-tail and adding a 54% block-

age screen to the vane-set trailing edge. This de-
sign was adopted for the proposed vane set as the
best trade-off in terms of turbulence reduction,
reasonable pressure loss, and cost effectiveness.
When the model of this design was built for the
1/3 scale 2-D test, it was of sufficiently large scale
to simulate the fabrication details that were ex-
pected to have an effect on the fluid dynamics of
the full-scale problem. This included the surface
roughness caused by the vane's perforated metal
sides, screen mesh weave and number of wires
per cm, and the method of screen attachment to
the trailing edge.

In the same year, a 1/15 scale three-dimensional
model of the 80- by 120-Foot Wind Tunnel's test
section, contraction, and inlet vane set including
trailing edge screen was tested at NASA Ames

(figs. 3a and 3b). (This investigation will be re-
ferred to as the 1/15 scale 3-D test.) Prior to the

investigation discussed here, this model under-
went several phases of testing to develop a desir-
able inlet contraction contour, splay distribution

(alignment of the inlet vanes relative to the onset
flow), and number of horizontal splitter plates.
The aim of those studies was to develop a design

that would control dynamic pressure in the model
test section so that it met the spatial and tempo-

ral fluctuation limits. The methodologies used to
determine the area and splay distributions and
the number of splitter plates adopted for the full-
scale wind tunnel design are reported in refer-
ences 7-10.

Figures 3a and 3b. 1/15 scale model of the
NASA Ames 80- by 120-Foot Wind Tunnel.

The final phase of testing with the 1/15 scale
3-D model is reported here. It describes measure-
ments of turbulence intensity and dynamic pres-
sure inside the model's contraction, downstream

of the final vane set design. The objectives of this
test were to establish the turbulence decay char-

acteristics and dynamic pressure distribution for
the flow as it is conditioned by the inlet contrac-
tion. When the appropriate scaling techniques
are applied to this information, it allows the pre-
diction of the full-scale wind tunnel test section

flow quality. Prior to the construction of the new
inlet, these predictions were used to evaluate the
effectiveness of the proposed design to reduce the
risk of unsatisfactory test section flow quality.

MODEL AND TEST DESCRIPTIONS

1/3 Scale 2-D Test

Model- The model for the 1/3 scale 2-D test

consisted of scaled segments of the proposed 80-
by 120-Foot Wind Tunnel inlet acoustic baffle
vanes. The vanes were constructed of wood with
removable sheet metal tails. The bluntness of the



trailing edgeswasvariedbytheinsertionofwood
stripsbetweenthe closing sides of the of the trail-
ing edges (fig. 4). (Trailing edge bluntness is a
requirement of the full-scale design, to allow a
point of attachment for the trailing edge turbu-
lence damping screen.)

Figure 4. 1/3 scale inlet vane's blunt trailing
edges.
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Twelve 1/3 scale vane segments of chord,

c = 1.626 m, were installed in the Ames 7- by
10-Foot Wind Tunnel test section, spanning from
floor to ceiling and forming a vane cascade from
wall to wall. Centerline spacing between vanes
was lo = 22.9 cm. Two half-width vanes were at-

tached to each side wall (figs. 5a and 5b). Flow
measurements were restricted to a span of five
vane widths, about the center third of the test
section and away from the walls, so the model ef-
fectively created a two-dimensional representa-
tion of a portion of the vane set. Vanes were posi-
tioned in the test section by pointed jack screws
that penetrated plywood floor and ceiling liners.
This provided a convenient means to reposition
the vanes within the test section.

The model was tested with and without a 53.8%

blockage trailing-edge turbulence damping screen
and a 18% blockage, leading-edge bird screen
(figs. 6a and 6b). The screens spanned the full
width and height of the test section and were of
the same type and manufacture as the screens
proposed for the full-scale design, (modeled at
full, not 1/3 scale). The trailing-edge screen was
woven 1.6 mm diameter aluminum wire, 2 wire
per cm mesh, double woven (no straight wires).
The leading-edge screen was a hot-dipped gal-
vanized 1 mm diameter steel wire, 1 wire per
1.27 cm mesh non-woven (all straight wires).
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Figures 5a and 5b. Typical installation for
1/3 scale inlet vanes.

The full-scale vanes are constructed with per-
forated sides for their acoustic damping func-
tion. During part of the investigation, the sides
of the six center vanes were clad with 0.607 mm
thick perforated steel sheets to model surface

roughness (figs. 2 and 5a). Because of the dense
acoustic backing used inside the full-scale vanes,
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Figures 6a and 6b. Trailing-edge turbulence
damping screen and leading-edge bird screen.

there is no significant flow through the surface
holes. Likewise, the cladding used on the 1/3
scale model does not allow flow through the holes,
but merely simulates the roughness. The
2-D model uses the same 34% open area as the
full-scale vanes, but the 1.19 mm holes spaced
1.98 mm between centers are at 1/3 scale.

As mentioned above, the full-scale vanes are

splayed to align them with the local streamlines
(fig. 7a). The vanes located on the tunnel cen-
terline are defined as having zero splay, ¢ = 0.
Vanes off the centerline have splay angles that

correspond to the rotation of the vane from a line
parallel to the tunnel centerline. For vanes of a

given splay angle, ¢, the local onset flow sees the
vanes as being staggered, with the leading and
trailing edges forming lines 90 - ¢ degrees to the
flow (fig. 7b). This also means that the flow will
encounter the vanes on one side of the cascade be-
fore the other side. Due to the variation in splay

angle across the face of the full-scale wind tunnel
inlet, the flow passages between the vanes had
convergence angles from 0.5 to 1.0°. The vanes
tested in the 1/3 scale 2-D model were arranged

parallel to each other and did not account for the

Figures 7a and 7b. Inlet vane splay angles.

slight favorable pressure gradient that exists be-
tween the full-scale vanes.

Instrumentation-Velocity and turbulence mea-
surements of the flow field, downstream of the

4



vane set, were obtained with a two-channel hot-
wire anemometer. The hot-wire system consisted
of two sets of DISA 55M01 series anemometers,

55D 10 linearizers, 55D26 sum-and-difference sig-
nal conditioners, 55D31 digital volt meters and
55D35 RMS volt meters. Probes were of the X-

wire configuration with 9/_m diameter wires and
2 mm sensitive length. The anemometer is tem-
perature compensated using 55M20 bridge cir-
cuits connected to the velocity probe and a sec-
ond X-wire probe placed in the flow at a very low
overheat ratio. A schematic diagram of the ba-

sic system is shown in figure 8. Detailed descrip-
tions of the characteristics of this equipment are
contained in references 11 and 12.

AXqAL MEAN AXIAL TURBULENCE
VELOCITY INTENSITY

A i B RMS VOLTMETER
_sso3s) /

SUM/OIFFERENCE

SIGNAL CONDITIONER

(SSD2S)

I ANEMOMETERUN,TI_ I A BI _ I A_.O_ETERUNITI55M01) 55M01)

t CHANNEL^ " , IA BI . C.^NNELB1'
| WIRE SUM4)IFFERENCE j WIRE /
I SIGNAL CONDITIONER /

SSD2S)

_ RMS VOLTMETER
A. e (s_o3sl I--"__

LATERAL MEAN LATERAL TURBULENCE
VELOCITY INTENSITY

Figure 8. Hot-wire anemometer block
diagram.

Linearity checks and linearizer coefficients were
determined with a DISA 55D90 calibration unit.

Axial velocity was calibrated as a linear function
of the sum of the output from the two sensing
wires, (eA + eB). Lateral velocity was calibrated
as a linear function of the difference between the

output of the two wires, (eA -- eB) (refs. 13 and 14).
Temporal mean velocities were obtained by digi-
tal volt meter (DVM) measurements of the lin-

earized eA + eB and eA -- eB outputs. A DVM time
constant setting oft = 0.3 sec was used through-
out the investigation.

Mean velocities were taken to be

j_0 T
U = --Ku (e A + eB)dt

T

f] K_ (eA -- eB)dtv=T - T

Absolute turbulence intensities were obtained

from RMS volts meters, using a T = 1.0 sec time
constant and interpreted as

u'= Ku---L'f" ¢(eA +e_)2dt
T JO

v I - fl K¢_ eA -- eB) 2 dr,
h

where K=, K_, K¢, K¢ are calibrated proportion-

ality constants, and _= is a correction for the
hot-wire probe sensing length to diameter ratio
(refs. 13-15).

The local total pressure drop through the vane
set, APt, was measured with a 1.59 mm diame-
ter pitot probe downstream of the vanes and ref-
erenced to the total pressure orifice of the pitot-
static probe upstream of the vane set. Test sec-
tion dynamic pressure upstream of the model,
qo, was measured by both the standard 7- by 10-
Foot Wind Tunnel static pressure orifices and a

pitot-static probe. Measurements of APt and qo
were made with 6.9 KPa (1.0 psid) Druck pres-
sure transducers. Pressure transducer calibra-

tions prior to the test were found to be linear and
repeatable to within 0.1%. Standard deviation of
the errors were less than 0.01%.

Hot-wire velocity and h P=probes were mounted
on an extension to the tip of a boom supported by

a horizontally driven survey apparatus (figs. 9a
and 9b). A stepper motor was used to drive the
boom lateral to the free stream. Linear posi-

tion accuracy of the boom mount was 0.05 mm.
The resulting lateral probe position accuracy was
0.5 mm, due to clearance tolerances of the boom
support. Vertical position of the probe was main-
tained at a constant height with a total variation
less than 4.0 mm for a typical traversing survey
spanning 1.0 m. The mean vertical position of the
probe varied from traverse to traverse, but was
always within 10% of the mid-height of the test
section. The vertical position of the APt probe
was 5.0 cm above the hot-wire probe. Axial posi-
tion of the probes was adjusted manually, either

by extending and retracting the boom relative to
the traversing platform, or to reposition the en-
tire survey apparatus to a different downstream
location. Axial position accuracy was to within
=E2.0 mm over a 1.0 m span, measured from the
trailing edge of the vane set.

Survey apparatus stepper-motor control and
analog-to-digital signal conditioning were accom-
plished with a Hewlett Packard 6942A multi-
programmer. The multi-programmer in turn was
controlled by an H.P. 9836 micro-computer that
was also used for data reduction. Velocity, tur-

bulence intensity, and pressure loss data were
recorded with X-Y pen plotters versus spanwise



Figures 9a and 9b. Traversing survey appa-
ratus and probe.

Boundary layer surveys were made in one of
the passages between two vanes using a single-
channel hot-wire probe with an offset sensing

element designed for measurements close to a
wall. The axial location of the boundary layer

surveys was the throat of the diffuser formed
by adjacent boat-tails. Surveys were made for
both smooth and rough walls, but never in the
presence of the trailing-edge turbulence damping
screen.

Traversing surveys made downstream of the
vane trailing edges spanned 5=2.5 lo about the
center of the test section. For the 1/3 scale test

the vane spacing was lo = 0.229 m. Data sam-
ples were taken every 6.35 mm. The axial sta-
tions of these traverses, measured from the trail-
ing edge nondimensionalized by the vane width
(d = 0.102 m) were _ = 0.07, 2.25, 4.5, 9.0, 18.0,
and 27.0. For the traverses made behind the con-

figurations with simulated vane splay, the boom
was maintained aligned with the flow, but the
traverse path was at an angle (90 -¢) degrees to
the flow, parallel to the vane trailing edges. In
this way, the probe was keep a constant stream-
wise distance from the vane-set trailing edge.

Discrete point measurements of turbulence spec-
tra were made at the same axial stations as the
traverses, but positioned either directly behind a
vane's centerline, or behind the center of the pas-

sage between two vanes.

position. Analog signals from the anemometers,
pressure transducers, and survey position, along
with a 1-kHz reference signal, were recorded on
an Ampex 14-channel tape recorder for post-run
playback. Selected points in the flow were also
sampled with an H.P. two-channel narrowband
spectrum analyzer to determine the frequency
distribution of the flow's turbulent energy.

Test conditions and flow surveys- When

the 80- by 120-Foot Wind Tunnel test section is
at its maximum speed of 52 m/sec (100 knots),
the inlet nominal onset velocity is about 10 rn/sec
(20 knots). This speed varies across the face of
the inlet, with the maximum being at the center
and the minimum at the edges. All testing of the
1/3 scale model was done at 30 rn/sec to match the

full-scale Reynolds numbers based on vane cord
length, Re¢ = 2.23 × 10 _ .

The parameters varied for the model configu-
rations investigated were: simulated vane splay
angles, (¢ = 0°, 7°, 20°, and 40°), the presence of
leading- and/or trailing-edge screens, perforated
sheet-metal cladding on the center six vanes, and

trailing-edge thickness (2, 10, and 14 mm).

1/15 Scale 3-D Test

Model- The 1/15 Scale 3-D model is a func-

tioning replica of the 80- by 120-Foot Wind Tun-
nel. The model is powered by a 2.0 m diameter,
895 kw electric fan drive, and has a test section

1.62 m by 2.44 m. The 1/15 scale 3-D wind tun-
nel modeled the final design chosen for the inlet
vanes, the contraction and the test section, but
the geometry of the 80- by 120-Foot Wind Tun-
nel downstream of the test section was not dupli-

cated (figs. 3a, 3b, and 10). The inlet vanes had
a chord of c = 32.5 cm, and a nominal centerline

spacing oflo = 4.57 cm. Vane splay angles varied
from ¢ = 0 ° at the inlet centerline to ¢ = 42 ° at
the wall. No vane surface roughness was simu-

lated for this test. A 53.8% blockage turbulence
damping screen was attached to the trailing edge
of the vane set, with no simulated trailing-edge
bluntness. This screen was 8 wire per cm mesh
with 0.41 mm diameter wires and was 1/4 of full-
scale. The same type 18% blockage leading-edge
bird protection screen as was used for the 1/3
scale test, was also used for this test and is the
same as proposed for the full-scale wind tunnel



Plan View
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Figure 10. Diagram of 1/15 scale model of the
80- by 120-Foot Wind Tunnel Inlet, Contraction
and Test Section.

(hot dipped galvanized 1 mm diameter steel wire,
1 wire per 1.27 cm mesh non-woven screen).

Instrumentation- The same survey appara-
tus, hot-wire anemometer system, and A P, probe
that were used to measure the flow field in the

1/3 scale test, were also used in this investiga-
tion. The only differences were that the pressure
transducers were referenced to ambient pres-
sure, Po, two inlet diameters ahead of the inlet
instead of test section total pressure, and that
DISA 55M10, non-temperature-compensated

bridge circuits were used with the hot-wire ane-
mometers. To monitor ambient wind conditions

in the vicinity of the inlet, a cup-type wind ane-
mometer and wind direction vane were placed at
the same location as the P_ sensing tap.

Test conditions and flow surveys- No

changes were made to the model during this
phase of the investigation. The only parameter
varied was test-section velocity. All flow surveys
were conducted with test-section velocities of ei-
ther 42 or 21 m/sec. At maximum power, the

1/15 Scale Wind Tunnel was capable of a test sec-

tion velocity of 42 n4sec. The Reynolds numbers
based on vane chord length for the two test condi-
tions were Rec = 1.83 × 10 s and Rec = 9.15 x 104.

The entire investigation consisted of flow sur-

veys of velocity, turbulence, and total pressure
in the contraction and test section of the 1/15
scale model. Axial locations of the traversing

surveys, nondimensionalized by vane width and
measured along contraction streamlines, were

= 1.1, 6.8, 13.5, 27.0, 54.0, 81.0, 108, and 216.
The station _ = 216 is located at the beginning of

the test section. The vertical positions of the sur-
veys were constant for any particular traverse,
but varied from 15% of the duct height below cen-

terline near the vane set, to 7% above centerline
in the test section. The spanwise position of the

surveys was located to sample the flow along spe-
cific streamlines. Streamlines of interest were

ones that originated from vanes having splay an-
gles of 1°, 7°, 20 °, or 40 ° (fig. 11). The 1° stream-
line was chosen rather than 0 ° due to inlet sup-

port structure on the tunnel centerline (ref. 9).

Surveys spanned a lateral distance of 25.4 cm,
approximately +2.5 lo at 1/15 scale, for _ < 62.
Surveys at _ = 108 and 216 spanned ± 12 lo about
the tunnel centerline.

\
\
k /
\ /

\\ ((-
x k \\

--__ "-

Figure lI. Locations of spanwise surveys.

RESULTS AND DISCUSSION

The primary goals of this investigation were
to predict the turbulence levels expected in the
80- by 120-foot wind tunnel test section and to
determine inlet vane pressure losses. The pres-
sure loss information was required as an input



to otheranalysesaimedat predictingtest sec-
tion spatialvelocitydistributions(ref. 8). The
first stepof thestrategyadoptedfor this inves-
tigation wasto comparethe 1/3scalenearfield
wakecharacteristics(3 < 30)to the nearfield
measurementsmadein the1/15scaletest,andto
publisheddataofcascadesofplanar-typewakes.
Next,havingestablishedthesimilaritiesanddif-
ferencesbetweenthefull-scale,small-scale,and
publishedwakes,predictionsofthe far field be-
havior (3 > 20)couldbemadeby applicationof
publisheddataand1/15scaletestdata.Thecon-
fidencelevelofthesepredictionsdependsonthe
degreeto whichmeasuredfull-scaleproperties
werematchedbythe small-scaledata,andmea-
surementsreportedin theliterature.

Onedifficultyencounteredwhencomparingthe
1/15scaleinletcontractiondatato 1/3scaledata,
andto previousstudiesconductedusingconstant
flowareaducts,wasthechoiceofanappropriate
variabletodefinedownstreamposition.Themost
commonlyusedparametertodefinedownstream
positioninwakedecaystudiesis adimensionless
streamwisedistance,_ = z/d. Since wake decay
properties are temporal, as well as spatial, the
use of this parameter presupposes an unchang-
ing U. For duct flows with a changing mean ve-
locity due to a nonuniform flow area, the dimen-
sionless time scale,

= tu---old= d

used by Comte-Bellot and Corsin, is more ap-
propriate (ref. 16; note z' is a dummy integrat-
ing variable). When the duct area is constant,
Uo/U = 1.0 and the integral reduces to { = x/ i =
3. Values of { for the 1/15 scale test were deter-

mined by integrating a fourth-order polynomial
curve fit of the experimentally measured values

of Uo/U (fig. 12). Calculation off along stream-
lines on the centerline and ¢ = 20 ° use the same

polynomial coefficients. A separate set of coeffi-
cients is used for the ¢ = 40 ° data. The inlet face
to test section velocity ratio of 0.275 implies that
the effective inlet contraction ratio is 3.64:1, less

than the geometric contraction ratio of 5:l.

Near Field Characteristics

Baseline vane set characteristics- Prior to

testing the vane set with leading- and trailing-
edge screens installed, a baseline set was tested
with no screens. This was done to establish the
character of a minimum vane set and confirm the

requirement for screens to manage wake turbu-
lence intensity. Figure 13 is a series of axial and

I=1::"_%1.0_d 0.8 o CenterLine

j [] ,=20°
= 061 A *=4°°

0.4t
0.2

0.0 , ,
0 50 100 150 200

Axial Position,

Figure 12. 1/15 scale wind tunnel contraction
mean axial velocity ratio.

lateral velocity profiles. All profiles are shown
spanning two wakes, over a range of +yflo, cen-
tered about the channel between two vanes. The

profiles start very near the vane trailing edges,
= 0.07, and proceeding downstream to { =

27.0. Figure 14 is the series of axial and lateral
turbulence intensity profiles at the same down-
stream locations.

Velocities are non-dimensionalized by the spa-

tially averaged mean axial velocity U. The axial
velocity profiles are similar to those observed be-
hind parallel circular rods (refs. 17 and 18). The
primary difference between the wakes of a vane
set and a cascade of circular rods of the same so-

lidity, is that the delayed separation on the vane
boattails creates a narrower wake and wider re-

gion of high velocity flow between the vanes. At
the station { = 18, downstream of the baseline
vane set, the axial flow is essentially uniform.
For measurements behind parallel rods, the flow
is usually considered to be established as uniform
and homogeneous by [ > 20. Repeated mea-
surements of U/-U profiles, not shown here, indi-
cate the perturbations about U are temporal and
of the order of 0.5 u'/U. Lateral velocity mea-
surements show about the same unsteadiness.

Note that lateral velocity measurements indicate
a mean flow ofV/U = -0.1 (to the left lookingup-
stream) which is about 6° or half the vane boattail

closure angle. Flow to the left is consistent with
the observed shift of the peak values of U/U.

Tuft-type flow visualization revealed the lat-
eral flow to be caused by a nonsymmetric flow
separation in the the diverging passage between
the vane boattafls. By referring to a two-
dimensional diffuser performance chart (ref. 19),
it can be seen that the passage created by the
boattail geometry is a relatively wide angle dif-
fuser, where transitory separation off one wall is
expected. For the majority of the test, flow stayed
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attached to the left side of the passage and sep-

arate on the right. This condition in one chan-
nel tends to enforce the same bias in all chan-
nels of the vane set. Occasionally the reverse
was observed, with all channels separating to
the right. Once established, the direction of sep-
aration would persist for long periods of time.
The large values V/'U and the bi-modal nature
in which they can be created over significant por-
tion of the face of the inlet makes this a highly
undesirable characteristic for a flow-conditioning
vane set.

The profiles of turbulence characteristics are
also typical of parallel rods or bars. Initial in-
tensities are high and anisotropic with u' be-
ing greater. The notch in the intensity profile
at the center of the wake for _ = 0.07 is ex-

aggerated because turbulence intensity is non-
dimensionalized by U, which is averaged over the
entire span of the profile. Turbulence intensi-
ties in regions of low mean velocity will appear
to be less than if they were scaled by local mean
velocity.

By the time the flow has reached t = 18.0 it
is homogeneous and isotropic. Experimental and
theoretical studies have shown that during the
initial period of decay, 20 < _ < 150, the turbu-
lence intensities in a homogeneous isotropic flow
field downstream from a grid or parallel rods will

decay according to

tJ.t 0¢ _-n

where n is in the range 0.5 < n < 1.0 (refs. 16
and 20-22). By combining the 1/3 scale test data
with this function, an estimate can be made of
turbulence intensities in a test section down-
stream from a baseline vane set.

The initial decay of the spatially averaged axial
and lateral turbulence intensities, u', v', down-
stream of the baseline vane set, are plotted in

figure 15. A line of slope -0.71 is also plotted,
extrapolating the data to _ = 127, the Lest sec-
tion location. The exponent n = 0.71 is the ex-
perimental value for a cascade of parallel rods,
solidity equal to 0.38 (ref. 22). The extrapolation
predicts u"7 = 2.1% at _ = 127 ifU remains con-
stant. The relative turbulence intensity will be
further decreased by the accelerating mean flow.

Multiplying _ by the inlet face to test section ve-
locity ratio, Uo/Ut_ = 0.275 taken from figure 12,
the estimate becomes u-7 = 0.6%. Experimental
observations have shown that converging ducts
with contraction ratios greater than 1:1.3 reverse
the relative turbulence anisotropy making v' > u'
(refs. 17 and 23). This, coupled with the slower

decay rates usually observed for lateral turbu-
lence intensity, would lead one to expect values
of_ 7 > 0.6% in the test section. The prediction of

values greater than the the desired specification
of _ and _ < 0.5%, and the significant lateral

mean velocities generated by the vane set, con-
firm the need for some form of flow separation
and turbulence management device.
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Figure 15. Axial and lateral turbulence inten-
sities, 1/3 downstream of baseline vane set.

Characteristics of proposed vane set- It is
well known that a series of screens downstream

of a cascade, each separated by several hundred
screen mesh diameters, is an efficient method to
reduce the scale of the turbulence generated by
the cascade and help isolate an open circuit wind
tunnel from meteorological turbulence (ref. 24).
However, because of the size of the NFAC, cost
and installation complexity considerations lim-
ited the design options to a single trailing edge
screen. As previously mentioned, a 54% block-
age screen is attached to the trailing edge of the
proposed vane set. The trailing-edge thickness of
the 1/3 scale vanes is blunted to 14% of the vane
thickness to simulate the the full-scale screen in-

stallation (fig. 4). The vanes are also clad with
perforated sheet-metal skins to simulate the full-
scale surface roughness, and a coarse bird screen
is attached to the leading edges.

A series of velocity and turbulence intensity

surveys of the proposed vane set, measured at
the same spanwise and downstream locations as
the baseline data presented in figures 13 and
14, are shown in figures 16 and 17. The pri-
mary difference between these wake velocities
and the baseline is that the velocity deficits are

10
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Figure 17. Axial and lateral turbulence inten-

sity profiles, 1/3 scale data, with screens.
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smallerbut persistlonger. Thisappearsto re-
sult froma delayin theinteractionsbetweenad-
jacentwakesthat wouldnormallyproducesaho- 12 6
mogeneous turbulence field by _ = 20. Exami- *=
nation of the turbulence profiles reveals that the

delay is caused by a buffer region of low turbu-
lence between the wakes and initially low values _ 4
of V caused by the trailing edge screen. Higher _"
values of v' would accelerate the lateral convec-
tion of turbulence between the wakes and reduce

the time necessary to establish a homogeneous _ 2
flow field. There is very little reduction in u' un- "
til the wakes start to become isotropic and merge.

It is also worth noting that the screen's ability to

"backfill the diffuser'qaas helped control separa-
tion on the vane boattails and eliminate any sig- ¢ 0
nificant lateral velocities. The use of screens to
back fill diffusers is discussed in reference 25.
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Figure 18. Turbulence intensity for various
splay angles, downstream of 113 scale vane set.

For vanes located off the wind tunnel center-

line, the cascade will appear to be staggered to
the onset flow (figs. 7a and 7b). A concern is what
effect, if any, vane splay angle, ¢, has on u' and v_.
Measurements of_ and _ at several downstream

stations for ¢ = 0 °, 20 °, and 40 ° are shown in fig-
ure 18. The data indicate there is a slight, but
consistent increase in _ and _ with ¢. The appar-

ent change in the relative position of the vanes
has the effect of modifying the flow passage dif-
fuser geometry and the flow mean onset angle to
the screen. The diffuser effective area ratio is re-

duced by the change, and this should help reduce
the wake, but the reduced screen head loss due to
the stagger angle also reduces its ability to back-
fill the diffuser and control separation. The net

result, as can be seen in figure 19, is higher tur-
bulence levels for increased ¢.

_)= 0 °

_= 40 °

I

I /

lit !
'LA

i'=9
I !

0 1

Spanwise Position, yll 0

Figure 19. Axial turbulence intensity for two
vane splay angles, 113 scale data.

This same effect was also observer in the 1/15

scale data. Measurements of u'/U made at in-
creasing spanwise locations (increasing ¢) for a
given downstream position increased in magni-
tude (fig. 20).

p. .
i-104

o.o 0.s
o
rr Spanwlse Position, 2 ylb

Figure 20. Axial turbulence intensity for
various splay angles, downstream of 1/15 scale
vane set.

1.0

1/3 to 1/15 Scale Data Comparisons

Before discussing the differences in mean and
unsteady flow characteristic in the large and small
scale experiments, it is important to recognize
that there are a few significant geometric fea-
tures that differ in the experimental hardware

12



betweenthetwotests.Thefirst andmostobvious
is theflowdownstreamofthe113scalevanesis in
a constantareaduct,asopposedto aconverging
andacceleratingflowinthe1/15scalemodel.The
small-scalewakesaresqueezedastheyprogress,
andif plottedusinga constantspanwiselength
scale,getnarrowerat eachdownstreamstation.
By non-dimensionalizingspanwisepositionby
thelocal contraction width, b, wakes at succes-
sive downstream measurements can be scaled to

comparable widths.

A second and more subtle feature concerns the

matching of dominant turbulence scale lengths.
Although no direct measurements were made
of turbulence scale, experience indicates that it
would be reasonable to expect turbulent scales of
the order of the vane thickness and spacing, and
smaller scales of the order of the trailing edge
screen mesh length. In the large-scale experi-
ment the ratio of these scales is approximately
60:1, but only 20:1 for the small-scale model. The
ratio of turbulent scales is known to have an

influence rate of turbulence convective mixing,
with the maximum mixing occurring when the
ratio is about 5:1 (ref. 20).

Vertical mixing in the 1/15 scale model is also
enhanced by wakes shed off the horizontal split-
ter plates. These plates are designed to provide
lateral vane support and modify the distribution
of the mean flow in the vertical plane. No split-
ters plates were installed in the two-dimensional
model.

Finally, the development of boundary layers
in the constant area section between the vanes

is controlled by differences in Reynolds numbers
and surface roughness; and consequently so is
the boundary layer throat blockage at the start
of the diffusing section. The throat blockage will
affect the diffuser performance, and hence the
size of the wakes generated (ref. 26).

The following discussions attempt to address
how these differences affect the data and the abil-

ity to predict the parameters of interest.

Wake mean flow characteristics- A conve-

nient method of comparing wake mean axial flow
profiles, are surveys of the total pressure loss per-
turbation, _ - 7. A quantity based on pressure
was chosen for this comparison because the accu-
racy of pressure measurements are greaLer than
velocity in these experiments. The perturbation
is defined by the following two parameters:

= A Pdqo

the local deficit in total pressure, referenced to
the total pressure upstream of the vanes and non-
dimensionalized by onset dynamic pressure at

the vane set centerline, and

1_ U ,_ dy
= 21oU J-_o

a spatial averaged pressure loss coefficient.
can be shown that

_-_ -i

It

Pressure loss profiles at several downstream
locations, covering a span of two wakes slightly
to the right of the tunnel centerline, 2 y/b = 0.03
to 0.06, are shown in figure 21. The span of each
curve is scaled by a value ofb equal to the width of
the contraction at the survey location. All of the
two-dimensional data shown here uses b = bo, the
width of the contraction at the vane set trailing
edge. The 2-D data has been shifted laterally
so that the vane trailing edge spanwise positions
match the locations of the 1/15 scale vanes. These

manipulations allows a more direct comparison
of the wakes.

The evolution of the near field wake is shown

in figure 21a, while figure 21c shows the continu-
ation of the perturbation decay to _ = 105, the po-
sition corresponding to the end of the contraction
and the beginning of the test section. For clar-
ity, the profiles at the closest match point, t = 27
and _ = 24, are shown separately in figure 2lb.
The profiles at this location agree well enough to
indicate a good matching of the large- and small-
scale mean flow properties. It is interesting that
in this example the 3-D profiles are more repeat-
able from wake to wake than the 2-D data.

Characteristics of turbulence in wake-

When the prediction of turbulence decay down-
stream of the baseline vane set was made by ex-
trapolating the data in figure 15, using an em-
pirical power law decay function, it was assumed
that the decay behavior in a contraction and in
a constant area duct are similar. A check on the

validity of this assumption can be made by ex-
amining the turbulence levels in the 1/15 scale
model's contraction.

Figure 22 plots _ and _ along the contraction
centerline at several downstream positions. To
compensate for the decrease in "relative" turbu-
lence intensity due to the increase in axial mean
velocity in the contraction, u-wand v-7 are scaled
by the mean velocity at the beginning of the con-
traction, Uo, instead of the local mean velocity
U. The empirical decay function for round paral-

lel rods from figure 15 is replotted in figure 22 for
reference.

13
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Figure 21. Comparison of large- and small-
scale mean wake profiles.

The downstream decay rate of u_ agrees well
with the power law for i > 20 up to the beginning
of the test section. As the flow enters the test
section the rate of decay decreases and departs
from the predicted power-law behavior. The abil-
ity to extrapolate near-field measurements of
using a power-law function and an empirically
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Figure 22. Axial and lateral turbulence
intensities on the centerline of the 1/15 scale
model's contraction.

derived exponent to predict a test-section tur-
bulence intensity of u--7 = 0.8%, compared to a
measured value of u"-7 = 1.1%, is adequate for

preliminary analysis, and justifies the assump-
tion stated above. The u-T error of 0.3% under-

predicted, based on a constant flow area, is re-
duced to less than 0.1% at the test section when

the inlet's effective contraction ratio ofUo/Urs =
0.275 (fig. 12) is applied to the data. Although
this error is significant when compared to the
design goal of 0.5%, the estimate is accurate
enough to be used in a preliminary analysis as
was done for the baseline vane set.

The correlation between studies using circu-
lar rods and the measured behavior of _ is less

satisfactory. For values of { > 20, ? decays at
the same rate as circular rods, n = -0.71, up to
the transition between contraction and test sec-

tion, _ = 104. Lateral turbulence intensity is ob-
served to decay at a much slower rate. A curve
fit of the v-7 data results in an exponential value

ofn = -0.44 compared to n = -0.66 reported for
circular rod wakes (ref. 22).

The flattening of the decay curves as the flow
enters the test section, _ = 104, is an unexpected
anomaly in u-7 and _ decay. This is an example
of how full 3-D modeling can detect behavior not
predicted by 2-D or idealized studies.

An important difference between the 2-D and
3-D behavior of turbulence decay can also be seen
in the near-field measurements of ?. Values of
? for both 113 and 1115 scale models are plotted
versus dimensionless time, {, in figure 23. For

this comparison, u--7 from the 1115 scale model is
scaled by the local mean velocity, U, and the 113
scale data has been reduced by a factor of Uo/U
to simulate the effect of accelerated mean flow in
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models.

the contraction, not present in the 2-D data, to
allow direct comparison.

The 1/15 scale measurements of u' start at a

higher level than the 113 scale data, but decay
more rapidly. It is believed that these differences
are due to the presence of the horizontal split-
ter plates in the 1115 scale model. The wakes
shed from the splitter plates add more turbulent
energy to the flow, increasing initial levels ofF,
and provide enhanced mixing and interaction be-
tween the wakes.

The significance of this mixing can be seen by
comparing large and small-scale measurements

of u'/'U at the stations _ = 27 and _ = 24 (fig. 24).
Although the averaged values off are very close,
there is a difference in the distribution of u'/U
across the profiles. The accelerated mixing of the
wakes caused by the splitter plates contributes
to a lateral redistribution of turbulence. Mea-

surements of v'/-U wake profiles show the same
trends. This redistribution allows the small-scale

data to develop to a more homogeneous state
than the large-scale data in the same amount of
time. The more rapid decay rate of the 1115 scale
data is to be expected since a homogeneous flow
field generally marks the end of turbulence pro-
duction and the onset of the initial period of de-

cay. In terms of modeling the global mixing pro-
cess and spatial distribution of turbulence, it ap-
pears that the 1115 scale 3-D data is a closer rep-
resentation of the full-scale wind tunnel than the

1/3 scale 2-D data.

Figure 24. Comparison of large- and small-
scale wake turbulence profiles.

line and a test-section flow quality investigation

conducted. During this test, discrete measure-
ments of u'/U and v'/U were made in the test
section for various external ambient wind condi-

tions. Values of u'/_ for three spanwise stations

and v'/U on tunnel centerline, measured with low
external wind conditions, are plotted in figure 25.

Also plotted for comparison are test section lat-
eral surveys of u'/U and v'/_ from the 1115 scale
model.
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Figure 25. Comparison of small-scale and
full-scale wind tunnel test section turbulence
intensities.

Full-Scale Wind Tunnel Data

After completion of all facility modifications,
the 80- by 120-Foot Wind Tunnel was brought on

The large- and small-scale measurements of
u'/'U are in good agreement. Full-scale mea-
surements of v'/U were higher than expected
and slightly exceeded the design goal of 0.5%.
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Thetrendofincreasingturbulenceintensitywith
spanwiseposition,¢,detectedduringthe1/3and
1/15scaletestsis alsoobservedfull-scale.

Vane Set Total Pressure Loss

The two flow characteristics of greatest inter-
est in these investigations are the turbulence
field downstream of the vane set, discussed previ-

ously, and the reduction in flow potential energy
(total pressure) caused by the vane set. Pressure
loss mechanisms are of interest for two reasons.

First, the ability of the vane set to isolate the in-
ternal flow from atmospheric turbulence depends
on the amount of damping that occurs as a result
of the head loss generated by the vane set. Sec-
ond, details of the turbulence field generated are
strongly influenced by the pressure loss mecha-
nisms involved. The intent here is to document

the relative magnitudes of, and methods used to
determine, factors that contribute to the vane set
losses. As mentioned previously, this information
was used as empirical inputs to analytical pre-
dictions of the mean flow distribution in the inlet
contraction (ref. 8).

The mechanisms that significantly contribute
to vane-set total pressure loss are skin friction,
screen head loss, vane boattail base pressure,
and wake losses. To simplify analysis, the last
two items are lumped together as boattail dif-
fuser losses, the losses associated with diffusing
the flow in the passage between boattails of two
adjacent vanes. Total pressure loss for each com-
ponent is expressed in terms of incremental pres-
sure loss coefficients, h ,7, where ,1 is the same as
defined earlier in this paper. Values of A_ are
shown in table 1.

TABLE 1

Incremental pressure loss coefficients,
A _, for vane components

Component

Skin Friction Smooth Surface 0.11
Perforated Surface 0.17

Screens Leading Edge 0.30
25-ailing Edge 1.65

Diffuser Smooth Surface 0.42
Perforated Surface 0.45

The pressure loss increments listed in table 1
are based on experimental data obtained during
the 1/3 scale model investigation. Because of the

techniques used, measured values of ,I include
the losses of all components installed for a par-

ticular vane set configuration. The losses for the
individual components, A ,7listed in table 1, were
determined in the following manner. Skin fric-
tion loss for smooth vanes was calculated from

boundary layer measurements. The loss due to
the addition of perforated sides was determined
by both boundary layer measurements and the
incremental change ,7 when the rough sides were
added. Leading and trailing edge screen losses
were also determined by incremental changes in

when screens were added or removed. Diffuser
losses are taken to be the measured value of

for a particular vane set configuration, minus the
skin friction and screen increments. Repeata-

bility of all A _ measurements was found to be
0.02 for various combinations of vane set com-

ponents.

For the purposes of these investigations, only
the frictional loss that occurs in the constant area
section between the vanes is defined to be skin
friction loss. For accounting purposes, boattail
skin friction is included with diffuser losses. The
values of skin friction loss for the smooth and

rough wall surfaces was calculated from mea-
surements of boundary layer velocity profiles at
the end of the constant area section (denoted by
the subscript 1). These profiles (fig. 26) were
numerically integrated to obtain the boundary

layer displacement thickness, 5', and momentum
thickness, 5"*, according to

Jo (u, - u)d_

and

_**=_12_o_U(Ul-u)dy

Smooth

theoretical

o experimental

Perforated

,_ experimental

4O
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Figure 26. Vane wall boundary layer velocity
profiles.
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Boundarylayer thickness,6, canberead di-
rectly fromfigure26, andwas18.0mmfor the
smoothsurfaceand 30.0mmfor theperforated
surface.Displacementandmomentumthickness
werecalculatedto be_* = 2.7 mm and 6** =
1.8 mm for a smooth vane surface; for a perfo-
rated surface 6" = 4.2 mm and 6** = 2.9 mm,
table 2. It should be noted that the boundary

layer profile for the smooth surface is in very close
agreement with the theoretical turbulent bound-
cry layer calculated by the law of the wake equa-
tion (ref. 27) for a smooth surface at the same

Reynolds number.

TABLE 2

Boundary layer parameters (mm)

/i 6" 6°* cf
Law of the Wake 18.9 2.6 1.9 0.00310
Smooth Surface 18.0 2.7 1.8 0.00281
Perforated Surface 30.0 4.2 2.9 0.00460

test rig with a constant area duct. Screen sam-
ples were installed spanning the entire duct and
normal to the flow and tested over a range of
Reynolds numbers, Red, based on screen diam-
eter. Above a critical Reynolds number range of

300 < Red < 600, loss coefficient was constant at
_ 1.60 for both screens (fig. 27). During the 1/3

scale test the screen operated at Red > 3000, well
above critical. For the 1/15 scale test, Re_ _ 350.

_-- 2.0-

o

i.8-

o
--J 1.6-

|

------o_ Wire dia. = 0.406 mm

Screen Blockage 54%

lOO 1 oo 2oo )
Reynolds Number, Red (based on wiredia.)

Frictional losses for a vane's unit vertical span
were determined from skin friction coefficients

based on boundary layer momentum thickness,
(conservation of momentum) (ref. 17). The drag
due to skin friction was converted into incre-

mental pressure loss coefficients by dividing the
drag by the upstream reference dynamic pres-
sure, qo, and a unit vertical span of flow area at
that station. The lateral boundaries of this con-
trol volume flow area are defined by the stagna-
tion streamlines that pass along the vane surface

generating the drag. The approximation used for
stagnation streamline lateral spacing is the vane
spacing, lo.

The pressure loss coefficient increments com-
puted for smooth and perforated surfaces were
0.11 and 0.17 respectively. The 0.17 value is also
in good agreement with the incremental change
in _ when perforated surfaces are added to the
vanes. At the Reynolds number tested, for a sur-
face to be considered smooth, the roughness must

be less than 0.02 mm. The magnitude of the
roughness due to surface perforations, in terms
of equivalent sand height is 0.13 mm. This es-

timated by charted values of cf as a function
of sand height (ref. 17). Although this is less
than the perforation depth (sheet thickness) of
0.607 mm, it is well above the admissible rough-
ness of 0.02 mm. This confirms that the observed

increases in 6, cf, and _ are caused by surface
roughness.

Pressure loss coefficients associated with the

trailing edge screens installed in the 1/3 and
1/15 scale models were measured in a component

Figure 27. Trailing edge screen pressure loss
coefficients.

The difference between _ = 1.60 for an iso-

lated screen and 77 = 1.65 for a screen in the
presence of the vane set and can be attributed to
the non-uniform velocity at the vane set trailing
edge. Since the pressure losses are proportional

(U/U) 2 rather than u/U, a non-uniform velocity
distribution will always produce greater losses
than a uniform flow. An estimate of the expected

increase can be made if the velocity distribution
of U/U at the vane set trailing edge (_ = 0.07 in
fig. 16) is approximated by a sawtooth function
with maxima of 1.6 at y/lo = 0, and minima of
0.6 at y/lo = 4-0.5. Integrating the square of this
function over +0.5 y/lo indicates the actual av-
erage dynamic pressure at the vane set trailing

edge, q-o, would be 5% higher than qo for a uni-
form flow. This is very close to the difference in
the measured values of A _ for the trailing edge
screens.

The diffuser losses measured were found to be

slightly less than would be predicted using the
methods of reference 26, for a straight wall dif-
fuser with the same geometry and throat block-

age. Predicted diffuser AV's were between 0.60
and 0.65, compared to measured values of 0.42 to
0.45.

CONCLUDING REMARKS

This study has shown that the combination of
large- and small-scale investigations was an ef-
fective method of modeling the 80- by 120-Foot
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WindTunnel'sinlet. By combining the results
to the two tests, it was possible to deduce infor-

mation that could not be determined by either
test alone. The large-scale model provided a de-
tailed measurements of pressure loss and turbu-
lence generation mechanisms, while the small-
scale model allowed a global view of the inlet's
behavior.

Comparisons between the results of the two
tests established the fidelity of the small-scale
model in terms of its ability to match the large-
scale flow properties. This matching was facili-

tated by the adoption of the dimensionless time
parameter, i, as a means of defining downstream
position. The prediction of test-section turbu-
lence intensity based on measurements in the
1/15 scale model were in good agreement with
measurements made in the full-scale wind tun-
nel and verified that the model was of sufficient

scale to do meaningful work.

In addition to the predictions of test section
turbulence levels, several interesting phenomena
were observed in these studies. They include a
measured effective contraction velocity ratio of
3.6:1 for an inlet with an area ratio of 5:1, in-
creased levels of turbulence intensity with span-
wise position, and differences in turbulence ho-
mogeneity at similar downstream positions be-
tween the two tests.

The measurements of incremental contribu-

tions to the vane set head loss provided use-
ful inputs to other investigations and analyses.
Knowledge of the relative contribution of each
component is also useful for assessing aerody-
namic trade and structural design. The zero-lift
drag or head loss of the baseline vane without
screens was determined to be less than 25% of

the total loss. The increase in vane drag due to
surface roughness was measurable, but was not
found to have a significant effect on overall vane
performance.

The two areas of greatest weakness in the
modeling techniques used were the scaling of
screen geometry and matching of vane diffuser
throat boundary layers. A 113 scale screen for the
2-D test would have a six instead of two wire

per cm mesh. This would have provided a bet-
ter model of the full-scale wind tunnel ratio of

turbulence scales generated by the vane wake
and screen mesh. This ratio is known to have

an effect on the rate of turbulence decay. The
1/15 scale model screen was not properly scaled
due to higher loss coefficients that would have re-
sulted at the lower Reynolds numbers if a finer
mesh screen was used. Ironically, the 1/15 scale

test measurements and comments in the liter-
ature indicate that the 20:1 wire-to-vane thick-

ness ratio used in the small-scale investigation
does a better job of promoting turbulence decay
than the 60:1 ratio that exists at full-scale. This
leads to the recommendation that vane cascades

of this type use a coarser trailing edge treatment
with the same blockage and a mesh to vane thick-
ness ratio closer to 5:1. Suitable treatments other
than screens would be a biplaner lattice, colander

plate, or expanded metal sheets.

Another recommendation to improve the test-

ing techniques for these types of investigations
would be to achieve a better match of the dif-

fuser throat blockage parameter due to bound-
ary layer displacement thickness, 2 6* divided by
the throat width. For the 1/3 scale investigation
this would have required testing the vanes at a
Reynolds number 1/3 of full-scale. The matching
of this parameter in the 1/15 scale model could
have been improved by some simulation of sur-

face roughness.
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